Helicobacter pylori (H. pylori) persistently colonizes the gastric mucosa despite a vigorous immune response. Vacuolating cytotoxin secreted by H. pylori has turned out to be a potent immunomodulatory toxin, but the signal transduction pathways involved has not been studied in macrophages. We observed in this study that vacA-deficient H. pylori induced significantly higher expression of integrin-linked kinase (ILK) and endothelial nitric oxygen synthase (eNOS), and significantly more production of reactive oxygen species ( 
Introduction
Helicobacter pylori (H. pylori) are Gram-negative microaerophilic bactera, which selectively colonize the gastric mucosa of up to 50% of human beings worldwide (1) . H. pylori causes peptic ulceration, non-ulcer dyspepsia, and is involved in the development of gastric adenocarcinoma and lymphoma (2) . Infection of H. pylori induces a vigorous gastric mucosal immune response that fails to eradicate the organism, so that the infection generally persists for decades, if not for the lifetime of the host, unless specific antibiotic therapy is administered. This finding suggests that H. pylori possess properties that allow evasion or subversion of the host immune response (3) .
Vacuolating cytotoxin (VacA), a potent cytotoxin of the gastric epithelial cell layer produced by H. pylori, is now considered to be an immunomodulator (3) . However, little work has been done to determine the signaling pathway with which VacA interferes, except for two independent pathways associated with blockade of T cell activation by VacA (4, 5) . In fact, against bacterial pathogens, activated granulocytes and macrophages play a central role in the inflammatory response. Being an extracellular bacterial pathogen, H. pylori has also been shown to be taken up by professional phagocytes (6) , and macrophages was determined to play important roles in the mucosal immune response to H. pylori infection (7) (8) (9) . Delayed phagocytosis, arrested phagosome maturation, and prolonged survival in macrophages were reported for type I H. pylori strains that contain cag PAI and secrete VacA, but not for type II strains that lack cag PAI and do not produce VacA (10, 11) . Nevertheless, there had been controversy for years regarding the role of cag PAI and vacuolation cytotoxin of H. pylori in helping prolonged intracellular survival of the bacteria (6, 12 ILK is a serine/threonine protein kinase that can interact directly with the cytoplasmic tail of 1 integrin and regulates integrin-dependent functions (13) . It has been verified to modulate eNOS mRNA expression in endothelial cells (14) , while eNOS activity was reported to be associated with the production of reactive oxygen species (ROS) (15) , which may be involved in antimicrobial defense. Taking into account the evidence, we hypothesize a signal transduction pathway linking ILK to eNOS in macrophages, negatively regulated by VacA, expecting to decipher some of the mechanisms involved in immune evasion of H. pylori.
Materials and Methods

Bacteria and growth conditions
H. pylori NCTC 11638 positive for vacA was given as a gift by Dr. Shi (Shanghai Institute of Gastroenterology). Isogenic vacA-deficient 11638-ΔvacA was constructed by substitution of a kanamycin resistant gene for a short fragment of vacA through homologous recombination, as described previously (16) . The content of H. pylori stock culture vial was spread on the surface of a Columbia agar plate supplemented with 10% sheep blood, 10 mg/L vancomycin, 5 mg/L trimethoprim, 2.5 mg/L polymyxin and 5 mg/L amphotericin, and incubated under microaerophilic conditions (10% CO 2 , 5% O 2 , and 85% N 2 ) at 37C. Both strains were passaged at the same time, and the passage number from the frozen stock was identical for the wild type (WT) and the mutant strain. The bacteria were then harvested and inoculated into brucella broth (BD Biosciences) supplemented with 10% heatinactivated fetal bovine serum (FBS) and the same antibiotics, and incubated under microaerophilic conditions at 37C with agitation (200 rpm) for 48 h.
H. pylori infection of U937 Cells
Human monocyte/macrophage-like U937 cells were incubated in RPMI 1640 supplemented with 10% heatinactivated FBS in a 5% CO 2 atmosphere at 37C. Eighteen hours before co-cultured with bacteria, cells were washed and resuspended to a density of 10 6 cells/ml in culture medium supplemented with 2% FBS. In co-culture experiments, FBS was supplemented to the culture medium to reach the concentration of 10%, and U937 cells were infected with bacteria at an MOI of 20.
Transfection and construction of stably transfected cell line
Transfection of U937 cells was performed with empty pcDNA3.1 or ILK-WT pcDNA3.1 by electroporation. Briefly, cells (10 7 ) were washed with RPMI 1640 without serum, and resuspended in 200 l RPMI 1640. DNA (20 g) was added to the cell suspension in a 0.4-cm electroporation cuvette (BioRad Laboratories, Hercules, CA). Electroporations were carried out with a BioRad Gene-Pulser eletroporation apparatus (BioRad Laboratories) at 170 V and 960 F. The cells were then transferred to 15 ml RPMI 1640 containing 20% FBS, and 24 h later, G418 (Life Technologies, 0.6 mg/ml) was added to the medium. Stable clones were selected by continuous treatment with G418 over 4 weeks. ILK overexpression was checked by Western blot.
Total RNA isolation and analysis of mRNA expression by real-time RT-PCR or RT-PCR U937 cells were collected at 6, 12, 18, 24, 30, 36 , and 42 h after co-cultured with isogenic H. pylori strains. Total RNA was isolated using Trizol reagent (Life Technologies) according to the manufacturer's instructions. Reverse transcription (RT) was used to generate cDNA from total RNA using the SuperScript II preamplificaiton system (Invitrogen).
Quantitative real-time PCR was performed using SYBR  Premix Ex Taq TM Kit (Takara, Dalian) on ABI 7000 amplification system. cDNAs were submitted to PCR using intron-spanning primer pairs for ILK (target gene) and GAPDH (reference gene) as follows: (i) ILK primers: 5'-CTT CTG TGG GAA CTG GTG A-3', and 5'-GGT CGC TTT GCA GGG TCT-3'; (ii) GAPDH primers: 5'-CCA GCA AGA GCA CAA GAG GAA-3', and 5'-ATG GTA CAT GAC AAG GTG CGG-3'. The template cDNAs (1 l) were amplified in a 25 l PCR reaction containing 5 pmol of each primer, 12.5 l of SYBR Premix Ex Taq, and RNase-free water. PCR reactions consisted of an initial denaturation at 95C for 5 min, followed by 40 cycles in the following sequence: denaturation at 95C for 30 s and annealing and extension at 60 o C for 1 min. Amplification of the reference gene, GAPDH, was measured for each sample as an internal PCR control for sample loading and normalization. To determine the relative quantitation of gene expression for both target and reference genes, the comparative C T (threshold cycle) method with arithmetic formulae was used. Subtracting the C T of reference gene from the C T of the target gene yields C T , which was entered into the equation 2 -C T and calculated for the exponential amplification of PCR. mRNA levels were normalized relative to GAPDH values. eNOS mRNA analysis was performed using semiquantatitive RT-PCR. The reverse transcription product was used as a template for PCR using two specific primers and two GAPDH primers as follows: (i) eNOS primers: 5'-GTT TGT CTG CGG CGA TGT-3', and 5'-GTG CGT ATG CGG CTT GTC-3'; (ii) GAPDH primers: 5'-ATG GCA CCG TCA AGG CTG AG-3', and 5'-CGC CTG CTT CAC CAC CTT CT-3'. The temperature and time schedule were as follows: incubation for 5 min at 95C followed by 25 cycles at 95C for 1 min, at 58C for 1 min, and at 72C for 1 min, final extension at 72C for 7 min after the last cycle. PCR products were analyzed by electrophoresis on 1.2% agarose/ethidium bromide gels. 
Western blot
Assay of intracellular reactive oxygen species (ROS)
Dichlorodihydrofluorescein diacetate (10 M, DCFH-DA, Applygen Technologies Inc., Beijing) was added to the cell culture (1  10 6 cells per well). DCFH-DA is a nonfluorescent compound that can enter into the cell, where after deacetylation, 2',7'-dichlorodihydrofluorescein (DCFH) is oxidated to be a fluorescent product, 2',7'-dichlorofluorescein (DCF). After 4 h, cells were washed three times with PBS, and then resuspended in 300 l PBS. The labeled cells were observed by a laser scanning confocal microscope (LSM-510, Zeiss), with excitation at 488 nm and emission at 530 nm. For each treatment, about 100 cells were randomly selected from three randomly chosen microscopic fields and the average fluorescence intensity per cell was calculated using the analysis software package supplied by Zeiss and compared.
Statistical analysis
Values were expressed as means  SE. All parameters were evaluated with one-way ANOVA. Statistical significance was set at p  0.05.
Results
Increased ILK expression in U937 cells in response to vacA-mutant H. pylori We used isogenic H. pylori strains, wild type NCTC 11638 (WT) and vacA-deficient 11638-vacA, to investigate the production of H. pylori-derived ILK by monocyte/ macrophage-like U937 cells. As shown in Figure 1 
Upregulation of eNOS expression in U937 cells in response to vacA-mutant H. pylori
Because ILK activity was verified to modulate eNOS mRNA expression in endothelial cells (11), we sought to determine whether eNOS expression was modulated. As determined by semi-quantative RT-PCR, we found that eNOS mRNA in U937 cells was efficiently upregulated after 30 h and 36 h incubation with vacA-deficient H. pylori, but not WT H. pylori (Figure 3 ).
ILK upregulated eNOS expression
As both ILK and eNOS mRNA were upregulated by vacA-deficient H. pylori, and the upregulation of eNOS followed that of ILK, we wanted to determine whether ILK modulated the upregulation of eNOS. U937 cells were transfected with an expression vector pcDNA3.1 or the vector containing wild-type ILK. As shown in Figure 4 , ILK overexpression was confirmed by Western blot analysis, and eNOS mRNA expression levels in U937 cells overexpressing ILK was markedly increased than that in empty vector transfected cells, indicating that ILK upregulates eNOS 
expression.
Higher ROS production in U937 cells in response to vacAmutant H. pylori ROS production in U937 cells was evaluated and imaged by determining the fluorescent intensity of DCF with confocal laser-scanning microscopy. As shown in Figure 5 , the fluorescent intensity, as a qualitative marker of cellular ROS, 
Discussion
In this study, we found that H. pylori deficient in vacA induced significantly higher mRNA and protein expressions of ILK, as compared with vacA + WT strain, which did not induce evident alteration of ILK expression in U937 cells. It was suggested that an inhibitory effect of VacA on ILK expression might be promoted by some other elements of this pathogen.
ILK was first identified with a yeast two-hybrid screen designed to isolate genes encoding proteins that interact with the 1 integrin cytoplasmic domain (17) . Its biological effect in regulating cell survival has been extensively studied (18 eNOS and the neuronal or type I NOS are constitutively expressed (19) , and their catalytic activity is regulated by transient calcium increases through the formation of Ca 2+ /calmodulin (CaM) complex (20, 21) . The presence of eNOS, which was initially cloned from endothelial cells (22, 23) , has also been detected in human monocytes/ macrophages and subpopulations of T and B lymphocytes (24, 25) . In fact, same level of mRNA expression of eNOS was determined in U937 cells and endothelial cell in our experiment (data not shown). In order to answer the first question put forward above, U937 cells were transfected with an expression vector containing wild-type ILK, or the empty vector. It was shown that eNOS mRNA level in the cells overexpressing ILK was much higher than in those transfected with empty vectors, suggesting a transduction pathway signaling from ILK to eNOS in U937 cells stimulated by vacA-deficient H. pylori, although it is not sure whether ILK is the only upstream regulator of eNOS. Before this study, modification of eNOS mRNA expression by ILK had been reported only in human umbilical vein endothelial cells (14) and mesangial cells (26) .
eNOS is a calcium-dependent NADPH oxidase with a C-terminal reductase domain that binds NADPH, FAD, and FMN, and an N-terminal oxygenase domain that binds a heme moiety, tetrahydrobiopterin (BH4), and L-arginine (27) (28) (29) . Classically, NADPH oxidase serves a specialized function in host defense against invading microorganisms by catalyzing ROS generation (30, 31) . Purified recombinant eNOS was shown to catalyze reactive oxygen species (ROS) formation, requiring Ca 2+ /calmodulin and primarily regulated by BH4 (15) . In addition, eNOS-generated ROS was demonstrated to participate in the modulation of inflammatory responses through inducing TNF- production (32) . In this investigation, vacA-deficient H. pylori was found to stimulate much more production of ROS in U937 cells than the wild type H. pylori by 35 h and 38 h post-infection, exactly after the upregulation of eNOS expression. Thus we infer that vacA-deficient H. pylori upregulate ILK expression, which modulates the expression of eNOS and as a result, stimulates the production of ROS.
The oxidative burst with resultant production of ROS is an important mediator that eliminates internalized pathogens by macrophages (33) . For pathogens, it's important to avoid the rapid onslaught of effector cells of the innate response, particularly the engulfment by phagocytes and being destroyed by the reactive oxygen. For example, Salmonella typhimurium inhibits intraphagosomal ROS production by murine macrophages in an SPI-2-dependent manner (34) . Exopolysaccharides from Burkholderia cenocepacia and alginate from Pseudomonas aeruginosa inhibit neutrophil chemotaxis and scavenge reactive oxygen species (35) (36) (37) . H. pylori was found to induce the production of reactive oxygen intermediates by different elements, such as H. pylori neutrophil-activating protein (HP-NAP) (38) , H. pylori lipopolysaccharide (39), or a cecropin-like H. pylori peptide Hp(2-20) (40, 41) , through activating NADPH-oxidase in different cells. In addition, HP-NAP was found to induce an increase of cytosolic calcium concentration in a dosedependent manner (38) , which is required for eNOS activity as an NADPH oxidase. To mitigate the negative effects of ROS, H. pylori produces enzymes involved in ROS scavenging, such as catalase, superoxide dismutase, and NADPH-dependent quinone reductase, thus maintaining a delicate balance between activating inflammatory processes and protecting itself from the negative consequences (42) . Additionally, VacA was determined to block the massive increase of [Ca 2+ ] i induced by a calcium ionophore (4) , which may inhibit eNOS activity. Taking into account the evidence and the results of the present study, it is reasonable to infer that, apart from ROS scavenging, H. pylori produce VacA to inhibit ROS production by suppressing ILK upregulation and the resultant upregulation of eNOS. This mechanism explains, at least in part, persistent infection of H. pylori in the stomach. In contrast, Zheng et al. (11) presented that the activation of NADPH oxidase did not explain the enhanced survival of H. pylori type I strains inside macrophages, for type I and type II H. pylori strains induced similar levels of ROS after infection of macrophages. However, in their study, they assessed production of ROS in macrophages infected with H. pylori only at 1 h of phagocytosis, while we found differential ROS production by 35 h post-infection. In addition, the H. pylori strains used in their study to induce ROS production were two clinical isolates, while in our study, isogenic strains (vacA + and vacA -) were employed. To our knowledge, these data constitute the first description of the modulation of ROS production regulated by the signal from ILK to eNOS in macrophages infected with isogenic H. pylori strains. A better understanding of the immunoevasion of H. pylori would greatly help in prevention and therapy of H. pylori-related diseases.
